The discovery of hyperthermophilic microorganisms and the analysis of hyperthermostable enzymes has established the fact that multisubunit enzymes can survive for prolonged periods at temperatures above 100°C. We have carried out homology-based modeling and direct structure comparison on the hexameric glutamate dehydrogenases from the hyperthermophiles Pyrococcus furiosus and Thermococcus litoralis whose optimal growth temperatures are 100°C and 88°C, respectively, to determine key stabilizing features. These enzymes, which are 87% homologous, differ 16-fold in thermal stability at 104°C. We observed that an intersubunit ion-pair network was substantially reduced in the less stable enzyme from T. litoralis, and two residues were then altered to restore these interactions. The single mutations both had adverse effects on the thermostability of the protein. However, with both mutations in place, we observed a fourfold improvement of stability at 104°C over the wild-type enzyme. The catalytic properties of the enzymes were unaffected by the mutations. These results suggest that extensive ion-pair networks may provide a general strategy for manipulating enzyme thermostability of multisubunit enzymes. However, this study emphasizes the importance of the exact local environment of a residue in determining its effects on stability.
The discovery of hyperthermophilic microorganisms that grow optimally at or near 100°C has necessitated a radical revision of ideas concerning protein thermostability. Most of the enzymes from these organisms are stable for many hours at or above 100°C (1) , suggesting that these enzymes must embody most of the mechanisms of thermostability that occur in extremely thermostable proteins. Thorough study of these proteins may therefore identify key structural determinants of thermal stability at very high temperatures. Trends commonly associated with elevated thermostability in proteins include relatively small solvent-exposed surface area (2) , increased packing density that reduces cavities in the hydrophobic core (3, 4, 5, 6) , an increase in core hydrophobicity (7, 8) decreased length of surface loops (6) , and hydrogen bonds between polar residues (9) . A prominent role for ion pairs in stabilization of proteins at or above 100°C, where the hydrophobic effect is minimal (10) , has been inferred from the recently solved structures of several proteins from extreme thermophiles (11) (12) (13) (14) . This is consistent with earlier suggestions made on the role of ion pairs on stability (15) . As yet, there is no general rule that governs amino acid composition of thermostable proteins and methods for predicting and designing stabilizing mutations are not reliable (16, 17, 18) . Recent work (19) (20) (21) has indicated that significant increments of stability may be achieved in proteins from mesophiles by the inclusion of ''rigidifying'' mutations; however, we believe that the proteins from the hyperthermophiles may have evolved optimal adaptations of this sort. Our work has focused on homology-based modeling and structure comparison of the hexameric glutamate dehydrogenases (GluDHs) from the hyperthermophiles Pyrococcus furiosus and Thermococcus litoralis, archaea that grow optimally at 100°C (22) and 88°C (23) , respectively, and that from a mesophilic organism, Clostridium symbiosum. The two hyperthermophilic enzymes provide a near-ideal comparative experimental system for studying the determinants of exceptional thermostability as they show distinct differences in stability yet are highly homologous. An unusual structural feature of P. furiosus GluDH is a number of extensive networks of buried intersubunit ion pairs (11) , which is reduced in extent in homologous, but less thermostable, GluDHs (24, 25) . Our strategy has been to identify differences between the ion-pair networks in the P. furiosus and T. litoralis GluDHs and to convert the stability of the T. litoralis GluDH to that of the more thermostable P. furiosus enzyme, to establish a causal relationship between intersubunit ion-pair networks and hyperstability.
MATERIALS AND METHODS
Site-Directed Mutagenesis. We constructed mutants bearing the single Thr 138 replaced with Glu (T138E) and the double T138E͞Asp 167 replaced with Thr (D167T) substitutions. Site-directed mutagenesis was performed by using either a modification of the uracil DNA glycosylase method for generating site-directed mutations or a modification of the Eckstein method (QuickChange mutagenesis system, Stratagene). Mutant T138E was constructed by using the uracilBamHI restriction sites that allow cloning of the gene in the polylinker region of the pET 11-d expression vector (Novagen). The mutagenic primers were designed to be complementary to the mutation site in the gdhA gene, and their 5Ј regions contained dU residues in place of dT residues. After amplification (PCR conditions: 95°C, 1Ј; 55°C, 1Ј; 72°C, 2Ј for 30 cycles), the two gdhA fragments were mixed, uracil DNA glycosylase was added, and the reaction was incubated at 37°C for 12 h. The uracil DNA glycosylase reaction product was then purified (Qiaquick columns, Qiagen), digested with NcoI and BamHI restriction endonucleases, and cloned in pET 11-d plasmid. The ligation product was transformed in DH5a Escherichia coli competent cells, and recombinant clones were identified by direct PCR screening and then sequenced. Mutant D167T was constructed using the QuickChange mutagenesis system using the primer pair: pD167-T For (C TCA AGA AGG AAA ACC CCA TCC TTT GG) and pD167-T Rev (CC AAA GGA TGG GGT TTT CCT TCT TGA G). Following transformation in E. coli XL2 Blue, recombinant clones were selected and the mutated gdhA gene was sequenced. All plasmids containing the mutated genes were transformed in the expression host (E. coli BL21 cells, Novagen) and overexpressed as previously described (26) .
Purification of GluDH. E. coli. BL21(pTGDH) cells were centrifuged and the pellet was washed once in 0.9% NaCl and resuspended in 4 ml (per 0.5 l of original cell culture) of TED buffer (50 mM Tris⅐HCl, pH 7.6͞1 mM EDTA͞1 mM DTT) (26) . A single freezing and thawing step was used to lyse the cells. After the dropwise addition of streptomycin sulfate (to a final concentration of 1%), the lysate was incubated for 1 h at 4°C, and the supernatant was subsequently recovered by centrifugation at 48,000 ϫ g for 20 min at 4°C. The cell extract containing recombinant GluDH was heated for 35 min at 75°C, in 4-ml aliquots. Centrifugation at 48,000 ϫ g for 20 min at 4°C yielded crude GluDH extract. The crude extract was diluted twofold with 50 mM Tris⅐HCl, pH 9.0, and loaded onto an anion exchange column (Q HyperD, 4.6 ϫ 100 mm; Biosepra, Boston, MA), equilibrated with 50 mM Tris⅐HCl, pH 9.0. The column was washed with 50 mM Tris⅐HCl, pH 9.0, followed by 50 mM Tris⅐HCl, 0.2 M NaCl, pH 9.0, and the enzyme was eluted with a 0.2-1.0 M NaCl gradient. GluDH activity started to elute at 0.30 M NaCl. GluDH-containing fractions were pooled, diluted twofold with 10 mM L-glutamate, pH 8.0, and loaded onto an affinity column (Matrix Red A, 1 ϫ 8 cm, Amicon) equilibrated with Buffer A (20 mM Tris⅐HCl, pH 8.0͞28 mM NaCl͞5 mM L-glutamate). The column was washed with buffer A and followed by buffer B (20 mM Tris⅐HCl, pH 8.0, 28 mM NaCl), and GluDH was eluted by the direct injection of 10 mM NADP. All chromatography steps were carried out at room temperature. Homogeneity of purified GluDH fractions was estimated by using 12% SDS͞PAGE. Protein concentrations were determined by the Bio-Rad colorimetric microassay using BSA as a standard (Bio-Rad). GluDH activity was measured by the glutamate-dependent reduction of NADP ϩ at 80°C in HEPPS [N-hydroxyethyl piperazine-NЈ-(3-propanesulfonic acid)] buffer, as described (26) . In all assays, the reaction was initiated by addition of NADP ϩ . The thermostability of each mutant was determined at 104°C by using an oil bath inside a temperature-controlled oven (Lunaire, Williamsport, PA). For each data set, a protein concentration of 1.0 mg͞ml in 700 mM KCl 50 mM diglycine pH 7.0 was used. After incubation at each temperature, residual GluDH activity was measured and the half life measured by using a semi-logarithmic plot of incubation time vs. residual activity.
Calorimetry. Differential scanning microcalorimetry was conducted using a DASM4 instrument (28) operating with a temperature scan rate of 1°C͞min from 40°C to 130°C. In control experiments, alteration of the scan rate between 0.5 and 2°C͞min had little effect on the position or amplitude of the transitions. The enzyme concentration was 1.0 mg͞ml in 700 mM KCl and 50 mM diglycine, pH 7.0. Data reduction was conducted by using MICROSOFT EXCEL.
RESULTS AND DISCUSSION
The amino acid sequences of P. furiosus and T. litoralis GluDHs are highly homologous and, following removal of the Nterminal methionine, the mature proteins consist of polypeptides of 419 and 418 amino acids, respectively, which are 87% identical and can be aligned unambiguously ( Fig. 1 ) (unless otherwise stated the following discussion will use the numbering convention of P. furiosus GluDH). The two GluDHs are closely related with respect to reaction kinetics; yet, despite their sequence similarity, the enzyme from P. furiosus is 16-fold more stable at 104°C than the GluDH from T. litoralis (27-29; Table 1 ). Our initial approach to identifying prospective thermostability determinants before a site-directed mutation study followed a homology-based modeling exercise by using the crystal structure of P. furiosus GluDH (11) to identify changes in the ion-pair networks. This study showed that the most extensive ion-pair networks in the P. furiosus enzyme, which involves 18 residues, appeared to be retained in the T. litoralis GluDH as all the residues involved are conserved in both proteins. The second largest ion-pair network in the P. furiosus enzyme is one of six residues, which includes a string of three basic residues (Arg-Arg-Lys, residues 164-166) and which is centered around a critical glutamic acid residue at position 138, that participates in three ion-pair interactions with Lys and Arg residues in the adjacent subunits (Fig. 2a) . In the T. litoralis enzyme, all of the residues in this cluster are conserved with the exception of this critical Glu, which is replaced by Thr. Thus, this single sequence difference necessarily leads to the loss of three ion pairs.
We postulated that the lower thermostability and lower melting temperature of T. litoralis GluDH compared with the P. furiosus GluDH results from the breakdown of this ion pair network, and these observations suggested that these ionic interactions could be installed by a single replacement of Glu at position 138 in the structure. Therefore, we replaced the Thr residue at position 138 in T. litoralis GluDH with Glu, and purified the recombinant enzyme, which we expected would be stabilized as a result of the mutation.
The results of differential scanning microcalorimetry and thermostability measurements of the wild-type and mutant GluDHs are summarized in Table 1 Fig. 3 ). The T138E mutant enzyme had a specific activity at 80°C of 150 units͞mg equivalent to that of the recombinant wild-type T. litoralis GluDH. However, contrary to our initial expectations, the T. litoralis T138E mutant enzyme was significantly destabilized, with T 1͞2 too short to determine at 104°C (Table 1 ) and a T m at 103.5°C with a gradual rise in the heat capacity compared with either of the wild-type enzymes (Table 1, Fig. 3 ). We consider that the loss of cooperativity is highly significant because it has not been observed in previous studies on the melting transitions of hyperstable GluDHs.
To investigate the possible causes of this destabilization we crystallized and determined the three dimensional structure of the T. litoralis GluDH to 2. (Fig. 2b) . However, close inspection of the structures revealed that in a number of sites the substitutions between the two enzymes gave rise to subtle shifts in the relative positions in the both side chain and main chain elements of the structure, which appear to move to maximize packing following the sequence changes (T.J.S., K.L.B., D.W.R., F.T.R., M. W. Adams, and K. Ma, unpublished results). In particular, our attention was drawn to one of these substitutions in the vicinity of Thr-138, namely Asp-167, which is substituted by Thr-167 in the P. furiosus enzyme. The latter residue is situated on the loop connecting helix ␣5 to ␤F and lies at the contact surface between subunits, in close proximity to the six-residue ion-pair cluster (T.J.S., K.L.B., D.W.R., F.T.R., M. W. Adams, and K. Ma, unpublished results). Detailed comparison of the two hyperthermophilic GluDH structures revealed small movements in position, which affected both residue 138 and the basic string of residues (164-166), which partake in the six-residue ion-pair network (Fig. 2c) and the shift and partial disordering of Lys-166. Although these shifts were often small (typically Ͻ0.5 Å movements), we wondered what influence such second site substitutions might have on the primary mutation at position 138. Indeed, one of the features of the ion-pair networks in the P. furiosus enzyme is an almost optimal hydrogen-bonding arrangement between the ion-pair partners, and such interactions might well demand critical positioning of the residues in order for the interactions to maintain an optimum stabilizing effect. The T. litoralis GluDH was therefore altered to contain D167T, both singly and as a double mutant in combination with T138E. Both the mutant and wild-type T. litoralis GluDHs had a specific activity at 80°C of 150 units͞mg, as previously reported. The introduction of the D167T mutation alone results in a small reduction in stability of the mutant with respect to the wild-type T. litoralis enzyme (Table 1; Fig. 3 ). The double substitution T138E͞D167T was considered to be a minimal change that effectively transposes Thr from position 138 to position 167. Surprisingly, this variant has properties unlike the single mutants or the wild-type enzyme, displaying substantially increased thermostability at 104°C and a T m of 111.5°C, intermediate between T. litoralis and P. furiosus GluDHs ( Table 1 ). The second-site change of D167T is therefore a single alteration that raises the T m of the T138E mutant enzyme by 8°C and restores the highly cooperative melting kinetics that are characteristic of wild-type, hyperstable enzymes (28, 32, and T.J.S., K.L.B., D.W.R., F.T.R., M. W. Adams, and K. Ma, unpublished results).
Our study indicates that the manipulation of intersubunit ion-pair interactions can contribute significantly to thermostability at temperatures above 100°C and would appear to suggest that the area close to residue 138 is an important localized hotspot for subunit dissociation at very high temperatures. Interestingly, of the 53 differences in the amino acid sequences of the two hyperthermophilic enzymes, the two mutation sites identified in this study are both involved in intra-trimer intersubunit contacts (Fig. 1) . This observation suggests that the critical event preceding irreversible denaturation is a highly cooperative dissociation of the hexamer to monomers. However, the study also clearly shows that the manipulation of these ion-pair networks to gain stability is far from straight forward as both single mutants were destabiliz-FIG. 1. Sequence alignment of archaeal GluDH from P. furiosus (upper) and T. litoralis (lower) with sequence differences shown in bold and underlined. Intersubunit contacts closer than 3.7 Å within the P. furiosus hexamer are indicated above the sequences (X). Contact residues that are variable (X) include S40T, T138E, D167T, D362Y, and K419H. ing. The free energy of stabilization of cellular proteins is relatively small and of the order of 50 kJ͞mol. Furthermore, the additional increase in stability necessary to stabilize a hyperthermophilic protein operating at temperatures of 100°C is of the same order of magnitude (32 and T.J.S., K.L.B., D.W.R., F.T.R., M. W. Adams, and K. Ma, unpublished results). Because a single salt bridge can contribute 13-22 kJ͞mol to the free energy of folding (32) and, unlike hydrophobic interactions (10), they are relatively unaffected at extremely high temperatures, our results suggest that they can play an important role in maintaining enzyme stability at extreme temperatures. However, because the overall stabilization energies are equivalent only to a small number of weak interactions, it is easy to see how subtle structural changes can have a profound effect on the properties of the proteins. In our experiments, the successful enhancement of thermostability was achieved only by maintaining a local net charge identical to P. furiosus GluDH. Consequently, the region in the structure of T. litoralis GluDH had to be replaced en bloc with the equivalent residues from P. furiosus GluDH. This strongly suggests that the exact context in which a residue occurs within a structure is of crucial importance. At this stage, it is hard to assess the subtle influence of small movements in the structure, induced by second site substitutions as seen around residue 138 (Fig. 2 Lower Left) , on the strength of the ion pairs. Furthermore, we cannot discount the possibility that the mechanism by which the Asp residue at position 167 in the single mutant (T138E) destabilizes the enzyme is via an unfavorable electrostatic interaction even though the carboxyl group of D167 lies some 10 Å from the center of the ion-pair network. It is possible that the dynamic properties of the structure during flexing movements are extremely important in determining when subunit dissociation and rapid denaturation commence. Unfortunately, in common with previous studies on the structures of hyperthermostable proteins, our structural data are restricted to a static view of the molecule confined in a crystal lattice and at a temperature far lower than the normal operating temperature of the enzyme. Indeed, we know that there must be some conformational differences between the ''cold'' and ''hot'' structures of these enzymes because of the reversible changes in heat capacity that accompany temperature scanning during differential scanning microcalorimetry experiments (34) . The nature of these is not currently understood, but the enzyme is known to undergo significant conformational changes between an open and closed state during catalysis (35) , and thus the changes seen by differential scanning microcalorimetry may relate to a modification of the domain orientation as a function of temperature. The useful enhancements to stability achieved through the manipulation of ion-pair networks in GluDH are consistent with the prediction that such interactions may play a major role in enzyme stabilization at high temperatures (11, 15) ; although, as noted in a recent review (36) , several adaptive mechanisms may contribute to stability. The studies of Bogin et al. (19) and Kawamura et al. (37, 38) show that the structures of mesophilic proteins can be stabilized, using sequence alterations predicted by reference to homologous, thermostable proteins. Van den Burg et al. (19) introduced a relatively large number of rigidifying mutations (such as Gly 3 Ala and Ala 3 Pro and the installation of a disulfide bridge) designed to reduce the entropy of the unfolded state to achieve substantial thermostability. These studies on a monomeric thermolysinlike protease resulted in eightfold enhanced thermostability by a combination of eight mutations that affected local unfolding hotspots (19) , indicating that the stabilization of enzymes can be mediated by different molecular mechanisms. The major difference between these studies and our work is the deliberate placement of a buried ion-pair network in a position which stabilizes cooperative intersubunit interactions in a large, hexameric enzyme. In this respect, it would appear that subunit interactions may be critical for overall stability. Interestingly, the modifications on the thermolysin-like protease result in retention of full activity at low temperatures (19) . Similarly, the ion-pair mutations in T. litoralis GluDH, which improve stability at high temperatures, do not result in any reduction of low temperature activity. However, we note that the mutant and wild-type T. litoralis GluDHs all show similar levels of activity at 40°C, which is significantly below that observed at the optimum temperature for activity (26, 27) .
The fact that both single mutations in our study are directly detrimental to stability would suggest that manipulating electrostatic interactions is fraught with difficulties. Indeed it is clear that, without reference to the sequence of both proteins and the structure of the more stable P. furiosis GluDH as a blue print, any attempt at rational design to introduce ion-pair interactions into the T. litoralis structure would have been very difficult. Our results also have significant implications for strategies of directed evolution, in which individual mutations are required to provide increments of improvement to a phenotype or at least not to be severely detrimental. Our analysis would imply that the screening of combinations of mutants could be necessary to identify improved phenotypes. The burgeoning database of microbial genomes will provide many opportunities for the application of rational protein design by using comparative sequences and structural analysis. This study provides a model for future alterations of stability of multisubunit enzymes by using strategies that do not affect the catalytic properties of the enzymes and indicates that the manipulation of ion pairs provides an important mechanism to adapt hyperstable enzymes for use as industrial biocatalysts.
